Astrocytes are present in large numbers in the nervous system, are associated with synapses, and propagate ionic signals. Astrocytes influence neuronal physiology by responding to and releasing neurotransmitters, but the mechanisms that establish the close interaction between these cells are not defined. Here we use hippocampal neurons in culture to demonstrate that vasoactive intestinal polypeptide (VIP) promotes neuronal differentiation through activity-dependent neurotrophic factor (ADNF), a protein secreted by VIP-stimulated astroglia. ADNF is produced by glial cells and acts directly on neurons to promote glutamate responses and morphological development. ADNF causes secretion of neurotrophin 3 (NT-3), and both proteins regulate NMDA receptor subunit 2A (NR2A) and NR2B. These data suggest that the VIP-ADNF-NT-3 neuronal-glial pathway regulates glutamate responses from an early stage in the synaptic development of excitatory neurons and may also contribute to the known effects of VIP on learning and behavior in the adult nervous system.
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An important role for glial cells in synapse function has long been suggested by the intimate relationship that exists between astrocytes and synaptic terminals in vivo (Peters et al., 1991; Ventura and Harris, 1999) . Growing evidence indicates that astrocytes play active roles in the CNS (Dani et al., 1992; Porter and McCarthy, 1996) . Astrocytes can signal to neurons by releasing soluble factors such as glutamate (Nedergaard, 1994; Parpura et al., 1994) or ␤-chemokines (Brenneman et al., 1999a,b) that regulate neuronal activity (Araque et al., 1998a,b; Meucci et al., 1998) . In fact, astrocytes are now viewed as active partners of the presynaptic and postsynaptic terminals in the elaboration of tripartite synaptic structures (Araque et al., 1999) . The temporal correlation between glial development and synaptogenesis also suggests an involvement of astrocytes in the formation of the first synapses. In the rat CNS, neurons form most of their synapses during the third postnatal week (Aghajanian and Bloom, 1967) , after the differentiation of astrocytes has already been completed (Parnavelas et al., 1983) . It has been proposed that glia-derived, soluble factors are necessary for the maturation of developing synapses in vitro (Pfrieger and Barres, 1997) . However, the molecular mechanisms that regulate the interactions between neurons and glia are not well defined.
Secreted factors such as brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) have been shown to regulate synaptogenesis in the developing hippocampus (Vicario-Abejón et al., 1998) , but these factors are neuron-derived proteins that do not require the presence of glia to act on neurons (Song et al., 1997) . Among the known regulatory peptides found in the CNS, only vasoactive intestinal polypeptide (VIP) is thought to stimulate glia to generate neurotrophic factors (for review, see Brenneman et al., 1999b) . The most potent of these glial signals is the activitydependent neurotrophic factor (ADNF) (Brenneman and Gozes, 1996) . ADNF is a secreted protein with a component that has an amino acid sequence similar to that of heat shock protein 60 (hsp60), with two serines in the active site of ADNF replacing two cysteines in the corresponding region of hsp60 . In this study, we initially use a measure of synaptic connectivity to ask whether VIP and ADNF can act on the development of embryonic hippocampal neurons.
MATERIALS AND METHODS
Cultures. Monolayers of astrocytes were prepared from rat embryonic hippocampus and /or cortex at embryonic day 18 (E18; the day when a copulation plug was found was considered day E1). The tissue was dissected and treated with papain (Worthington Biochemicals, Lakewood, NJ). C ells suspended in a modified M EM (82-0234DJ; Life Technologies, Grand Island, N Y) and 10% fetal bovine serum (FBS) were plated at low density (300 cells/mm 2 ) on glass coverslips coated with Vitrogen (Collagen Biomaterials, Palo Alto, CA) and Poly-D-lysine (Sigma, St. L ouis, MO) and incubated for 2 weeks at 37°C in 10% C O 2 .
Cultures of embryonic neurons were prepared from E16 or E18 rat hippocampus. The hippocampi were dissected and treated with papain as described above. For plating on a monolayer of astrocytes, cells were suspended in modified M EM as above, 5% horse serum (HS) and 1% FBS at 2000 cells/mm 2 . For glia-free neuronal cultures, cells suspended in Neurobasal ϩ B27 (Life Technologies) were plated directly on glass coverslips coated as above at 1000 cells/mm 2 . The antimitotic agent floxuridine (Sigma) was added to all neuronal cultures from the day of plating to prevent astrocytic growth. The antiserum used to block V I P f unction was from Peninsula Laboratories (Belmont, CA) (1:500).
Electrophysiolog y. Patch-clamp recordings in the whole-cell configuration were used to record spontaneous and evoked synaptic activity as previously described (Vicario-Abejón et al., 1998) in E16 and E18 neurons cultured on a monolayer of astrocytes. The recorded cells were held at Ϫ60 mV, and afferent neurons were stimulated with a puff of 1 mM glutamate delivered by pressure through a glass micropipette. A measurement of synaptic connectivity was obtained by calculating the ratio of afferents that elicited an evoked response over the total number of stimulated cells in the field surrounding the recorded cell. The ratio was then expressed as the percentage of afferents connected to each cell from which we recorded.
In experiments in which E16 neurons in glia-free cultures were studied, field stimulation using hyperosmotic conditions were performed to assay the maturation of the presynaptic machinery. The presynaptic terminals were stimulated with 50 l of a 300 mM sucrose solution added manually to the regular recording medium, whereas miniature postsynaptic currents were recorded during 10 sec intervals.
Immunostaining of cultured cells. C ells were fixed with 4% paraformaldehyde and 0.1 M PBS, pH 7.4, for 20 min. After treatment with 0.1% Triton X-100 and 10% normal goat serum, cells were incubated at 4°C with primary antibodies against V I P [1:300 (Peninsula Laboratories); Fig. 1C ; similar results obtained with 1:200 (Chemicon, Temecula, CA) and 1:1000 (Sigma)], neuronal nuclei protein (NeuN, 1:300; Chemicon), N T-3 (1:600; Chemicon), glial fibrillary acidic protein (GFAP, 1:200; Dako, C arpinteria, CA) , and synaptophysin (1:200, Sigma). C ells were then incubated with the corresponding Alexa Fluor 488-conjugated (Molecular Probes, Eugene, OR) or rhodamine-conjugated (1:100; Jackson ImmunoResearch, West Grove, PA) secondary antibodies.
Morpholog ical anal ysis. To investigate the effects of the ADN F antiserum on neuronal morphology, E18 cells were fixed as above and immunostained for microtubule-associated protein 2 antibody (M AP2ab, 1:200; Sigma) as previously described (Vicario-Abejón et al., 1998) . C ells were then incubated with a biotinylated secondary antibody (1:200) followed by avidin -biotin -horseradish peroxidase complex (Vectastain ABC kit; Vector Laboratories, Burlingame, CA) and developed using DAB. Optical sections were obtained with a Nikon (Melville, N Y) Microphot-F X A microscope with a 20ϫ objective and 4ϫ supplementary magnification. The dendritic length and number of primary dendrites were measured using Neurolucida software (MicroBrightField, Cochester, V T). All measurements were performed blindly.
Quantification of synaptic puncta. The quantification of the number of synaptic puncta after synaptophysin immunostaining was done using an exhaustive photon reassignment algorithm, based on an experimentally determined point spread f unction (C arrington et al., 1990) , to reassign mathematically out-of-focus fluorescence to the in-focus optical planes. Optical sections were obtained with a Nikon microscope with a 63ϫ, 1.4 numerical aperture oil lens and 2.5ϫ supplementary magnification. Images were recorded with a CEL L scan fluorescence imaging system (Scanalytics, Fairfax, VA) equipped with a PX L -37 CCD camera (Photometrics, T ucson, AZ), a piezoelectric z-axis focus device, and a computer-controlled excitation light shutter. The number of puncta per micrometer was counted along the processes using the "deconvolved" images and the Neurolucida software. All measurements were performed blindly.
Reverse transcription-PCR . Total RNA from E16 and E18 cultures was isolated using the Trizol reagent (Life Technologies). Reverse transcription was performed using random primers and Superscript (Life Technologies). PCR were performed out by mixing PCR Supermix (Life Technologies) with 2 l of cDNA of various dilutions with a 0.2 M concentration of each gene-specific primer in a final volume of 30 l. Samples were heated to 94°C and cycled 30 times through 94, 55, and 72°C for 30 sec each. To ensure that the amplification was in the linear range for each gene-specific primer pair, a set of titration reactions was done using serially diluted cDNA. The 18S rRNA (Ambion, Austin, TX) was used as an internal standard of amplification. PCR products were run on a 2% agarose gel and visualized using ethidium bromide staining. The primers used were 5Ј-GGTGAACAAGGTGATGTCCATC-3Ј (sense) and 5Ј-GGCAGGGT-GCTCTGGTAATTTTCCT-3Ј (antisense) for NT-3, 5Ј-TTCGTGGAGA-CAGGAATCAGCGTC-3Ј (sense) and 5Ј-GCCAGGAAGATGACAGCA-AAGAAGG-3Ј (antisense) for NMDA receptor subunit 2A (NR2A), 5Ј-GCGTCTGGTTTGAGATGATGCGAG-3Ј (sense) and 5Ј-AGCCGTCA-CATTCTTGGTTCCTGG-3Ј (antisense) for NR2B, and 5Ј-GCGTCTG-GTTTGAGATGATGCGAG-3Ј (sense) and 5Ј-AGCCGTCACATTCTTG-GTTCCTGG-3Ј (antisense) for NR1.
Western blotting. To assay for endogenous production of ADN F, conditioned medium from monolayers of astrocytes was prepared as previously described (Brenneman and Gozes, 1996) . After dialysis and lyophilization, 5 mg of soluble proteins was separated by electrophoresis on a 10% polyacrylamide gel and electrotransfered to nitrocellulose filters. Membranes were treated with 10% milk and PBS-T ween 0.2% for 1 hr and incubated overnight at 4°C in 2% milk and PBS-T ween 0.2% and the ADN F-14 antiserum (AS; 1:1000). After incubation with peroxidaseconjugated secondary antibodies (Boehringer Mannheim, Indianapolis, I N) signals were revealed by chemiluminescence using an ECL kit (Amersham Pharmacia Biotech, Arlington Heights, IL).
To assay protein levels of NMDA receptors (NMDArs), cells from E16 or E18 hippocampus were plated on 6 cm dishes covered with a monolayer of astrocytes at 2000 cells/mm 2 . C ells were collected after 7 d in vitro, and total proteins were analyzed by SDS-PAGE. Ten microliters of crude cell homogenate were separated by electrophoresis on an 8% polyacrylamide gel and electrotransferred to 0.45 m poly vinylidene fluoride membranes. Membranes were treated with 10% milk and PBS-T ween 0.2% for 1 hr and incubated overnight at 4°C in 2% milk and PBS-T ween 0.2% and primary antibodies against N R1, N R2A, and N R2B. All antibodies were from Upstate Biotechnology (Lake Placid, N Y) and were used at 1:600. Secondary antibodies and signal detection were as above.
NT-3 release assay. T wenty-four hours before release experiments, hippocampal cultures were transferred from the serum-containing M EM to serum-free Neurobasal medium. Immediately before experimentation, cells were placed in 225 l of fresh Neurobasal medium to maximize the concentration of released neurotrophins. After a 15 min exposure to various stimuli, supernatant was collected using a P-1000 micropipettor and assayed immediately. Release experiments were conducted in the presence of TTX (1 M) to prevent activity-dependent release of N T-3. N T-3 levels were quantified using the E-max N T-3 immunoassay system (Promega, Madison, W I) according to the manufacturer's instructions. Raw data were analyzed using Microsoft E xcel (Microsoft, Redmond, WA) to determine N T-3 concentrations, according to standard curves plotted from predetermined concentrations of N T-3. All data are averages of three separate measurements.
RESULTS

VIP regulates differentiation of hippocampal neurons
The formation of synapses in dissociated hippocampal neurons can be monitored as previously described (Vicario-Abejón et al., 1998 . Briefly, the ability of neurons to respond to stimulation of afferent cells with postsynaptic currents (PSCs) is used to measure the density of connections in the culture. Postsynaptic cells are patch-clamped at resting potential (Ϫ60 mV), and 4 -10 afferent cells in the field of view are stimulated with local application of brief pulses of glutamate. The proportion of occasions when stimulation of afferents results in the generation of PSCs within a 100 msec time window gives an estimate of synaptic connectivity. This test shows that neurons derived from the hippocampus of E16 rats require an exogenous supply of neurotrophins to develop synapses in vitro. In contrast, E18-derived neurons form functional synapses spontaneously.
To test the effect of VIP on neuronal differentiation, we first used cells prepared from day 16 hippocampus. These cells were cultured on a monolayer of astrocytes in the presence or absence of VIP. After 14 d in culture, only ϳ20% of afferent cells evoked PSCs in untreated cultures (Fig. 1 A) . In contrast, treatment with 10 Ϫ 10 M V I P resulted in a threefold increase in the proportion of evoked PSC s ( Fig. 1 A) , indicating that exogenous V I P promotes neuronal differentiation resulting in enhanced synaptic connectivity.
If endogenous VIP influences neuronal differentiation, then the spontaneous appearance of functional synapses in E18 neurons might be retarded by an anti-VIP antibody. E18 hippocampal neurons were cultured on a monolayer of astrocytes in the presence or absence of a polyclonal antibody against VIP and assayed for connectivity. After 2 weeks in culture, untreated E18 neurons and neurons treated with normal rabbit serum established extensive functional synaptic contacts. Connections were found on ϳ80 -90% of the occasions when afferent cells were stimulated. In contrast, cells treated with the VIP antibody displayed a much lower proportion of induced synaptic events (ϳ20%; Fig. 1 B) , indicating that endogenous VIP is required to obtain maximal levels of connectivity. Immunostaining experiments using the same anti-VIP antibody used in blocking experiments showed a strong VIP expression in the vast majority of E18 hippocampal neurons between days 4 and 14 in culture. The image of a culture at day 7 in vitro is shown (Fig. 1C) . Similar results were obtained using two other commercial anti-VIP antibodies (see Materials and Methods).
VIP is known to cause release of glia-derived growth factors. To test whether the effect of VIP on synapse formation involves the release of ADNF, 10 Ϫ 9 M ADNF-9 was added for 2 weeks to E18 cultures in addition to the VIP antibody. ADNF-9 is a nine-amino acid peptide (SALLRSIPA) derived from ADNF that displays the full survival-promoting activity of the full-length ADNF protein (Brenneman et al., 1998) . As shown in Figure 1 B, the addition of ADNF-9 prevented the loss of connectivity observed in VIP antiserum-treated cultures. These results suggest that ADNF acts downstream of VIP in a signaling pathway that regulates differentiation in hippocampal neuron-glia co-cultures.
ADNF-9 regulates the functional and morphological maturation of developing hippocampal neurons
The connectivity assay was used to test whether ADNF-9 could directly stimulate neuronal differentiation. Addition of ADNF-9 (10 Ϫ 12 -10 Ϫ 6 M) to E16 cells cultured for 10 d significantly increased the number of connections in a dose-dependent manner (Fig. 1 D) . The maximal inductive effect, a fourfold increase, was observed at 10 Ϫ 9 M ADNF-9. This effect of ADNF-9 on connectivity was not accompanied by any changes in the survival or morphology of the cells, as assayed by staining of the neurons with an antibody against the microtubule-associated protein MAP2 (data not shown). The inductive effect of ADNF-9 was not mimicked by a synthetic peptide (CALLRCIPA) derived from the corresponding region of hsp60. Thus, the observed effect of ADNF on hippocampal synaptic transmission is a specific property of the SALLRSIPA motif at the concentration tested.
To test whether endogenous ADNF was required for the development of active synapses in E18 neurons, a polyclonal antibody was raised against a 14-amino acid ADNF-derived peptide (ADNF-14; VLGGGSALLRSIPA), that includes the ADNF-9 sequence. The resulting antiserum (ADNF-14 AS) diluted 1:500 did not show cross-reactivity with 5 g of recombinant hsp60 as assayed by dot blot analysis and is therefore considered specific for ADNF. When total proteins were prepared from conditioned medium from VIP-treated cortical glial cultures and assayed by Western blotting, the ADNF-14 AS identified a major 60 kDa immunoreactive signal (Fig. 2 A, lane 1) . Thus, an ADNF-like protein, recognized by ADNF-14S, is secreted by the monolayers of astrocytes used as substrates for hippocampal neurons in these experiments. Using an affinity-purified antibody against ADNF-9, which specifically recognizes the active epitope of ADNF (Brenneman et al., 1998; Bassan et al., 1999) , two additional results were obtained (Fig. 2 A, lanes 2, 3) : (1) an additional 14 kDa band was observed in conditioned medium from cortical glial cultures, as originally detected in purified ADNF preparations (Brenneman and Gozes, Figure 2 . Immunoneutralization of endogenous ADNF from neuron-glia co-cultures impairs the formation of synapses and the sensitivity to glutamate in E18 cultures. The antiserum ADNF-14 AS was raised against a 14-amino acid peptide corresponding to the active site of the ADNF protein. ADNF-14 AS was used to detect the presence of endogenous ADNF as well as to neutralize ADNF production in E18 neuron-glia co-cultures. A, ADNF-14 AS identifies a 60 kDa form of ADNF in conditioned medium derived from cultures of cortical astrocytes after incubation with 0.1 nM VIP for 3 hr at room temperature (lane 1). An affinity-purified antibody raised against ADNF-9 identifies a 60 kDa form and a 14 kDa form of ADNF in the extracellular milieu of both untreated (lane 2) and VIP-treated (lane 3) cortical astroglia. Note the increase of the ADNF signal after VIP stimulation. B, Two weeks of treatment with ADNF-14 AS prevented the formation of synapses in E18 cultures, an effect that can be reversed by co-treatment with 10 Ϫ 8 M ADNF-9 or 20 ng/ml NT-3. C, Expression of NT-3 by E18 hippocampal neurons in culture. Cells were grown for 7 d, fixed, and immunostained for the expression of NT-3 and NeuN. Magnification, 63ϫ. The same pattern was obtained after staining three independent cultures. D, Sample records of the response to topical applications of 1 mM glutamate in E18 neurons after 1 week in vitro. Direct glutamate stimulation induces a large inward current in control cells but not in cells treated for 1 week with ADNF-14 AS. Co-treatment of ADNF-14 AS-treated cells with 10 Ϫ 8 M ADNF-9 or 20 ng/ml NT-3 prevents the loss of sensitivity to glutamate. E, Summary of peak inward current densities generated by direct exposure to 1 mM glutamate in E18 cells. ***p Ͻ 0.001, t test. Results are mean Ϯ SEM of 22-45 cells from at least two independent cultures. 1996); and (2) the 14 and 60 kDa immunoreactive protein bands were detected even in the absence of VIP stimulation, but the intensity of the signal was greatly enhanced after treatment of astroglial cells with 10 Ϫ 10 M VIP. In summary, our Western blotting analyses indicate that detectable levels of the full-size and the truncated form of ADNF are present in the extracellular milieu of cortical glia and are increased dramatically after VIP stimulation.
ADNF-14 AS was used to neutralize endogenous ADNF in E18 neurons cultured for 14 d at a dilution of 1:1000. The ADNF-14 AS-treated cells failed to develop significant levels of connections (Fig. 2 B) . However, after co-treatment with 10 Ϫ 8 M ADNF-9, the proportion of connected cells had increased to 50% (Fig. 2 B) . These data indicate that endogenous ADNF can efficiently be neutralized by ADNF-14 AS, impairing the development of functional synapses in E18 cultures. We have previously shown that NT-3 and BDNF promote synapse formation in hippocampal neurons (Vicario-Abejón et al., 1998) . Immunostaining experiments showed strong NT-3 expression in the vast majority of E18 hippocampal neurons between days 4 and 14 in culture. The image of a culture at day 7 in vitro is shown (Fig. 2C) . Interestingly, cotreatment with 20 ng/ml NT-3 prevented the blocking of synaptogenesis by the ADNF-14 AS (Fig. 2 B) . In contrast, BDNF had no effect in this assay (data not shown). This last result suggests that ADNF and NT-3 share a common regulatory pathway involved in the electrophysiological differentiation of hippocampal neurons.
Not only did ADNF-14 AS-treated cells lose their ability to respond to stimulation of afferent cells, they also lost their ability to respond to direct applications of glutamate. After 1 week in culture, direct stimulation of an E18 neuron with 1 mM glutamate resulted in a large inward current, I Glu (Fig. 2 D) . This response to glutamate was almost completely abolished in E18 cells that had been treated for 1 week with the ADNF-14 AS, unless the cells had been co-treated with 10 Ϫ 8 M ADNF-9 or 20 ng/ml NT-3 (Fig.  2 D,E) . This result suggests that the lack of synaptic connections may be secondary to the lack of functional postsynaptic receptors.
Treatment of E18 neurons with the ADNF-14 AS also resulted in dramatic morphological alterations. After 2 weeks in culture, ADNF-14 AS-treated neurons displayed approximately half the dendritic length of untreated neurons (Fig. 3) . The ADNF-14 AS treatment did not have any significant effects on cell survival or on the number of dendrites (Fig. 3B) . Interestingly, these morphological alterations were observed only when the ADNF-14 AS was added from the day of plating and were maintained only as long as the ADNF-14 AS was present in the culture medium. Addition of the ADNF-14 AS 3 d after plating did not alter the morphology of the cells significantly (Fig. 3B) . When the ADNF-14 AS was added from days 1 to 7 and then withdrawn, E18 neurons at 14 d displayed the same morphological characteristics as the untreated control cells (Fig. 3B) , indicating the reversibility of the ADNF-14 AS block. These results suggest a narrow developmental time window when ADNF is needed for neuronal development.
Another consequence of the ADNF-14 AS treatment was a sharp decrease in the density of synaptic structures, as measured by immunostaining of the synaptic protein synaptophysin (Fig. 4) . Treatment of E18 cultures with ADNF-14 AS reduced the number of synaptophysin puncta per unit of dendritic length (Fig. 4 E) .
Here again the effects of the ADNF-14 AS on the density of Figure 3 . Treatment of E18 cultures with anti-ADNF antiserum results in severe morphological alterations in developing neurons that can be prevented by co-treatment with ADNF-9 and NT-3. A, Samples of E18 hippocampal neuron morphologies. Cells were grown for 14 d in vitro (DIV ) in the presence or absence of ADNF-14 AS, ADNF-9, or NT-3. Camera lucida drawings of dendrites and cell bodies were done on MAP2ab-positive neurons using a 63ϫ objective. Drawings were digitally scanned and processed using Adobe Photoshop. ADNF-14 AS-treated neurons did not reach the size and morphological complexity of untreated neurons. ADNF-14 AS-treated cells co-treated with 10 Ϫ 8 M ADNF-9 or 20 ng/ml NT-3 developed morphologies similar to the ones found in untreated cells. B, Effect of ADNF-14 AS treatment on numbers and morphology of neurons in E18 hippocampal cultures. ADNF-14 AS treatment during DIV 1-14 resulted in a marked reduction of the dendritic length but had no effect on the number of cells per field. ADNF-14 AS treatment started after DIV 3 (DIV 3-14 ) or restricted to the first week in culture (DIV 1-7 ) resulted in normal dendritic morphologies. Co-treatment with either ADNF-9 or NT-3 prevented the morphological changes observed in ADNF-14 AS-treated cells. Results are the mean Ϯ SEM of data from 10 different fields in a single culture experiment and are representative of three such experiments. ***p Ͻ 0.001, t test. synaptic structures could be reversed by co-treatment with either 10 Ϫ 8 M ADNF-9 or 20 ng/ml NT-3 (Fig. 4) . These results indicate that the effect of the ADNF-14 AS treatment can result in severe alterations in the development of E18 neurons. The observed effects cannot be attributed to cell toxicity, because the ADNF-14 AS did not have any significant impact on cell numbers, and withdrawal of the antiserum after 1 week of treatment led to a complete morphological recovery. The morphological development of ADNF-14 AS-treated E18 neurons was arrested only when the antiserum was used immediately after plating, suggesting that endogenous ADNF induction of glutamate responses is essential for an early step in neuronal differentiation.
ADNF acts directly on neurons
"Glia-free" E16 and E18 neuronal cultures were used to test the hypothesis that ADNF acts directly on neurons. Instead of being grown on monolayers of astrocytes, neurons were plated directly on glass (Fig. 5A) . Less than 2% of the cells in these cultures were GFAP-positive. E16 neurons were cultured for 2 weeks under these conditions and assayed using patch-clamp analysis. Synaptic contact was monitored in these cells by recording miniature postsynaptic currents (mPSCs) induced by high osmotic stimulation as previously described (Malgaroli and Tsien, 1992; Manabe et al., 1992; Araque et al., 1998b) . In untreated E16 cultures, sucrose failed to induce significant miniature events (Fig. 5B) . In contrast, neurons treated for 2 weeks with 10 Ϫ 9 M ADNF-9 responded to sucrose stimulation with large and frequent mPSCs (Fig. 5B) . NT-3 at 20 ng/ml also increased the frequency of mPSCs, suggesting that both ADNF-9 and NT-3 can increase the probability of synaptic vesicle fusion by acting directly on E16 neurons. Direct stimulation of untreated E16 cultures with 1 mM glutamate resulted in large postsynaptic responses, but responses to direct application of 1 mM glutamate were significantly higher in cells treated with 10 Ϫ 9 M ADNF or 20 ng/ml NT-3, indicating a clear increase in the sensitivity to glutamate in the treated neurons (data not shown).
To test whether endogenous ADNF from astroglia promotes morphological differentiation, we exposed glia-deprived cultures of E18 neurons to conditioned medium (CM) harvested from monolayers of astrocytes, in the presence or absence of the ADNF-14 AS. E18 neurons cultured in glia-derived CM showed a 50% increase in total dendritic length when compared with cells that were not exposed to glia-derived signals (Fig. 5C ). ADNF-14 AS added to the CM abolished this effect of CM (Fig. 5C ). ADNF-14 AS treatment did not have any significant effect on the morphology of E18 cells cultured without CM. These results demonstrate that ADNF is present in the medium derived from glial but not neuronal cultures. The entire effect of CM on the morphological development of E18 neurons can be blocked by ADNF-14 AS. The dendritic length is similar in these cultures and in neurons that were grown in direct contact with astrocytes, suggesting that ADNF acts directly on neurons and is the major factor secreted by glia influencing neuronal morphology.
ADNF-9 regulates NT-3 secretion
Because a receptor for ADNF has yet to be characterized, the type of cytoplasmic signal that mediates its physiological effects is still unknown. The fact that exogenous applications of NT-3 allow developing neurons to overcome the effects of the ADNF-14 AS suggests the existence of a common regulatory pathway between ADNF and NT-3. The hypothesis that ADNF-9 influences the secretion of NT-3 was therefore tested. NT-3 release was measured in "immature" (E16, 5 d in vitro) and "mature" (E18, 2 weeks in vitro) neuronal cultures using a colorimetric immunoassay system. Maximal release of NT-3 can be obtained in E16 (Fig. 6 A) and E18 (Fig. 6 B) cultures by exposing the cells to depolarizing levels (55 mM) of KCl. Short exposure (15 min) to ADNF-9 (10 Ϫ 13 -10
induced a significant release of NT-3 in both cultures. No release of NT-3 was observed when the cultures were exposed to a control peptide, characterized by an amino acid composition identical to ADNF-9 but a random sequence arrangement (LASLAPISR).
The ADNF-9 effect on NT-3 secretion is an immediate effect and may not require long-term changes in gene expression. Indeed, treatment of E16 neurons with 10 Ϫ 9 M ADNF-9 for various periods (12-48 hr) and at different stages of maturation (3 and 7 d in vitro) did not influence NT-3 expression as assayed by a semiquantitative PCR analysis (Fig. 6C ). These results demonstrate that ADNF-9 can efficiently trigger the release of NT-3 in cultures of neurons that have yet to develop functional synapses (early E16) as well as in spontaneously active and synaptically connected cells (late E18). NT-3 is therefore likely to mediate, at least in part, the observed effects of ADNF.
ADNF-9 and NT-3 regulate NR2A and NR2B levels in cultures of hippocampal neurons
The regulation of synaptogenesis by ADNF must involve either the expression or the function of glutamate receptors, because the ADNF-14 AS-treated cells are virtually insensitive to direct applications of glutamate. We therefore decided to study the expression Figure 4 . ADNF-14 AS treatment affects the density of synaptic structures in E18 neurons. E18 neurons were grown for 14 d in the presence or absence of ADNF-14 AS, ADNF-9, and NT-3. Cells were then fixed and immunostained for the expression of the synaptic vesicle protein synaptophysin ( A-D). Scale bar, 10 m. A, Untreated cells displayed a dense pattern of synaptophysin staining. B, In ADNF-14 AS-treated cells, only sparse synaptophysin puncta can be detected. Co-treatment of ADNF-14 AS-treated cultures with either ADNF-9 ( C) or NT-3 (D) resulted in a normal synaptophysin expression pattern. The effect of ADNF-14 AS on the density of synaptic structures could not be attributed solely to a lower number of dendritic arborizations, because the number of puncta per micrometer was also reduced ( E). Results are the mean Ϯ SEM of data from four different fields in a single culture experiment and are representative of three such experiments. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001, t test.
patterns of the NMDAr subunits found in hippocampal neurons at the time of synapse formation (NR1, NR2A and NR2B; Okabe et al., 1998; Tovar and Westbrook, 1999) . Treatment of E18 cultures for 1 week with ADNF-14 AS did not significantly change the protein levels of the NMDAr subunit NR1 as measured by Western blot (Fig. 7A) , but levels of the NR2A and NR2B subunits were sharply lower in the ADNF-14 AS-treated cells when compared with control cells. Co-treatment of E18 cultures with ADNF-14 AS and either 10 Ϫ 8 M ADNF-9 or 20 ng/ml NT-3 prevented the drop in NR2A and NR2B protein expression.
In E16 cells after 1 week in vitro, the expression of NR2A and NR2B subunits was barely detectable by immunoblotting (Fig. 7B ), but treatment with either 10 Ϫ 9 M ADNF-9 or 20 ng/ml NT-3 resulted in NR2A and NR2B protein levels comparable with those Figure 5 . Physiological and morphological effects of exogenous and endogenous ADNF on glia-free neuronal cultures. To produce glia-free neuronal cultures, cells derived from hippocampus at E16 (A, B) and E18 ( C) were plated on coated glass coverslips and grown for 2 weeks in the presence of the antimitotic agent floxuridine to prevent astrocytic growth. A, Neurons grown on glial monolayers or directly on glass were stained with the neuronal marker MAP2ab ( green) and the glial marker GFAP (red). No GFAP staining was detected in glia-free cultures. B, Top trace, Spontaneous activity recorded from E16 glia-free cultures either untreated or treated for 2 weeks with 10 Ϫ 8 M ADNF-9 or 20 ng/ml NT-3. Bottom histogram, Distribution of the frequency of mPSCs amplitudes. The frequency of the mPSCs was markedly enhanced in cultures treated with ADNF-9 or NT-3 compared with untreated cultures. C, Effect of ADNF-14 AS treatment on numbers and morphology of neurons in E18 gliafree cultures. Cultures were grown for 2 weeks in glia-derived conditioned medium (Conditioned medium) or fresh medium (Normal medium). CM markedly induced dendritic growth, an effect that was blocked by co-treatment with ADNF-14 AS. Treatment with ADNF-14 AS did not have any influence on the morphology of neurons grown in the absence of CM. The number of cells was comparable in all culture conditions. Results are the mean Ϯ SEM of data from 10 different fields in a single culture experiment and are representative of three such experiments. **p Ͻ 0.01, t test. DIV, Days in vitro. found in E18 cells after 1 week in culture. This inductive effect of ADNF and NT-3 on NR2A and NR2B protein levels was not associated with any significant increase in NR2A and NR2B mRNA levels, as assayed by quantitative PCR (Fig. 7C) . Thus, ADNF and NT-3 exert a post-transcriptional control over the stability of the NR2A and NR2B subunits.
DISCUSSION
The initial goal of this study was to determine whether VIPstimulated ADNF release regulates differentiation in hippocampal neurons. An assay for evoked synaptic responses was used to show that VIP treatment promotes and anti-VIP antiserum inhibits synaptic responses. Because VIP stimulates ADNF release, the effect of VIP may be mediated by ADNF. This possibility was confirmed by showing that an ADNF-derived peptide, ADNF-9, overcomes the effect of the anti-VIP antiserum.
Exposure of E16 hippocampal neurons to ADNF-9 (10 Ϫ 12 -10 Ϫ 6 M) increases the number of connections in a dose-dependent manner. The observed drop in biological response to ADNF-9 between 10 Ϫ 9 and 10 Ϫ 6 M is attributed to a modulatory effect of non-neuronal cells. Indeed, ADNF-9 has been shown to exhibit attenuated pharmacological responses at high concentration in mixed neuronal-glial cultures but not in glia-depleted neuronal cultures (Brenneman et al., 1998) . It is hypothesized that ADNF-9 interacts with non-neuronal cells to produce modulatory substance(s) that attenuate the biological response at high concentrations of the peptide.
Anti-ADNF antiserum ADNF-14 AS blocks synaptic responses and inhibits morphological development. These effects can be reversed by either ADNF-9 or NT-3. Morphological and electrophysiological measures suggest that ADNF and NT3 act directly on neurons. These results suggest that the release of VIP, ADNF, and NT-3 forms a signal pathway linking the differentiation of hippocampal neurons and glia.
We report three observations showing that response to and release of glutamate is the target of this pathway. First, cells grown on glia and treated with ADNF-14 AS show poor responses to glutamate that are restored by ADNF-9 and NT-3. Second, ADNF-9 and NT-3 control the sensitivity to direct glutamate stimulation, as well as the expression or stability of the NR2A and NR2B subunits of the NMDA receptor in neurons that have not yet established efficient synaptic connections. These findings sug- Figure 6 . ADNF-9 regulates the release but not the expression of NT-3. A, B, Release of NT-3 in the extracellular milieu of neuron-glia co-cultures was assayed using a colorimetric immunoassay. E16 cells were assayed after 5 d in vitro (DIV; A), and E18 cells were assayed after 2 weeks in vitro ( B). High KCl concentrations (55 mM) were used to induce maximum NT-3 release. In both E16 and E18 cultures, ADNF-9 (15 min) induced release of NT-3 in a dosedependent manner. The maximal releasing effect was obtained for an ADNF-9 concentration of 10 Ϫ 7 M. A control peptide (SCR AMBLED) with a size and amino acid composition identical to ADNF-9 but a different amino acid sequence failed to induce any significant release of NT-3. C, Expression levels of NT-3 were assayed in E16 cultures after 3 and 7 d in vitro (DIV 3, DIV 7 ) using a semiquantitative reverse transcription-PCR method. The cells were exposed to 10 Ϫ 9 M ADNF-9 for various times (12, 24, and 48 hr). Amplification of ribosomal RNA 18S was used as control. No significant effect of the ADNF-9 treatment on NT-3 expression was detected. Results are the mean Ϯ SEM of data from three different measurements in a single culture experiment and are representative of three such experiments. ***p Ͻ 0.001, t test.
gest that there are postsynaptic consequences of ADNF-9 and NT-3 treatment. However, the third observation, that the frequency of mPSCs is increased in neurons treated with ADNF-9 or NT-3, suggests that the presynaptic site is also a target of this signaling system. Neurotrophins are known to increase the frequency of mEPSCs in dissociated hippocampal glutamatergic neurons (Vicario-Abejón et al., 1998; Schinder et al., 2000) and to promote excitatory synaptic transmission in hippocampal slices (Kang and Schuman, 1995; Patterson et al., 1996; Kafitz et al., 1999) . Our results suggest that glial signals influence neurotrophin actions and result in both presynaptic and postsynaptic effects on glutamate responses. A simple model that accommodates these observations is proposed: VIP stimulates ADNF release by astrocytes. ADNF acts postsynaptically to cause the stabilization of the NR2A and NR2B subunits of the NMDA receptor as well as NT-3 release. The effects of ADNF on the frequency of vesicle fusion may be caused by the presynaptic action of NT-3. This model is still preliminary but draws attention to the central result of this manuscript that ADNF forms a link between VIP and NT-3 in a signal cascade that establishes the close interaction between neurons and astrocytes from the earliest stages of development.
The mechanisms induced by ADNF and NT-3 to control NMDA receptor stability are not currently explained by our experiments. The expression of NR2 proteins changes through hippocampal development, with the levels of NR2A and NR2B rising at the time when synapses are formed (Monyer et al., 1994; Okabe et al., 1998) . The NR2 subunits carry long cytoplasmic domains that interact with proteins in the postsynaptic complex (Kennedy, 1997; Sheng and Pak, 1999) . The NR2B subunit of the NMDA receptor predominates in the first fast synaptic transmission in dissociated hippocampal neurons (Tovar and Westbrook, 1999) , and it seems likely that the stabilization of the NR2 subunits is an early step in the maturation of the postsynaptic site. Activation of glial cells has been shown to stimulate presynaptic responses in neurons (Araque et al., 1999) . The model proposed here suggests that interactions between neurons and astrocytes mediated by VIP, ADNF, and NT-3 play an important role in the early stages of synaptic development.
The VIP-ADNF-NT-3 pathway has a striking effect on presynaptic (synapsin-positive puncta) and postsynaptic (dendritic length) morphology. In the absence of these signals the immature neurons develop the correct number of dendrites but then arrest, suggesting that the initial events in dendrite formation are controlled by a distinct mechanism. Hippocampal glutamatergic neurons can elaborate a complex dendritic morphology in the absence of fast synaptic transmission (Vicario-Abejón et al., 1998) . These studies on dissociated hippocampal neurons are consistent with in vivo observations showing that the basic organization of the neuropil does not require action potentials or evoked synaptic responses (Harris, 1984; Verhage et al., 2000) . The interactions between neurons and glial cells reported here may play a role in establishing the initial "activity-independent" axonodendritic organization of the nervous system.
The stimulation of ADNF release by VIP has been described as a paracrine system protecting neurons against a wide range of toxic events . Several properties of VIP have also suggested a control over neuronal development and synaptic plasticity in the adult. VIP-containing neurons are widely distributed in the cortex and the hippocampus (Magistretti and Morrison, 1988; Baldino et al., 1989) . VIP synthesis is developmentally regulated, with most synthesis occurring postnatally and reaching a peak at the time of synapse formation (Gozes et al., 1987) . In our embryonic hippocampal cultures, VIP is produced by virtually all the neurons during the first 2 weeks in vitro. In vivo, VIP production can be induced in most neurons of the adult rat hippocampus by running (Eilam et al., 1999) , an activity that also results in increased firing patterns in this region of the brain (Czurkó et al., 1999) and improved learning performances (Fordyce and Wehner, 1993) . Furthermore, physical activity (van Praag et al., 1999) as well as treatment with NT-3 (Kang and Schuman, 1995) or the VIPrelated pituitary adenylate cyclase-activating polypeptide (Kondo et al., 1997) induce long-term potentiation in the dentate gyrus. Blockade of VIP function during early embryogenesis and the neonatal period causes CNS abnormalities ranging from microcephaly (Gressens et al., 1994) to impairment of neuronal morphology and neurobehavioral development (Wu Figure 7 . Expression of NMDA receptor subtypes by hippocampal neurons in culture. A, B, Proteins from E18 ( A) and E16 ( B) hippocampal cultures were analyzed by immunoblotting. The amount of each receptor subunit was determined using antibodies specific to each subunit. In E18 neurons after 2 weeks in culture ( A), ADNF-14 AS treatment resulted in a marked decrease in the expression of the NR2A and NR2B regulatory subunits when compared with control cells. This effect of ADNF-14 AS could be prevented by co-treatment with 10 Ϫ 8 M ADNF-9 or 20 ng/ml NT-3. In E16 neurons after 1 week in culture ( B), treatment with 10 Ϫ 9 M ADNF-9 or 20 ng/ml NT-3 resulted in a marked increase in NR2A and NR2B expression. C, Expression levels of NT-3 were assayed in E16 cultures after 1 week in culture using a semiquantitative reverse transcription-PCR method. Treatments for 48 hr with 10 Ϫ 9 M ADNF-9 or 20 ng/ml NT-3 failed to induce any significant changes in NR2A or NR2B mRNA levels. Amplification of ribosomal RNA 18S was used as control. et al., 1997) . VIP blockade in the adult rat brain (Glowa et al., 1992) or constitutive expression of a chimeric VIP gene in mice (Gozes et al., 1993) greatly impairs learning behaviors. Our data extend these results by suggesting that the action of VIP on brain development and function may be mediated in part by the actions of ADNF and NT-3 on presynaptic and postsynaptic parameters of glutamatergic neurons. Although this study is focused on the earliest stages of neuronal differentiation, the VIP-ADNF-NT-3 pathway linking neuronal activity and glial responses may also contribute to synaptic plasticity in the mature CNS.
